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Abstract 
Magnetic shape memory alloys are active materials which deform under the application 
of a magnetic field or an external stress. Due to their internal friction, recognizable from 
the strain-stress hysteresis, this new material technology allows the design of 
multistable actuators. This paper describes and characterizes an innovative airflow 
control valve whose aperture is proportional to the deformation of the active material 
and thus controllable by the input voltage. The multistability of the material is partially 
exploited within an airflow control loop to reduce the energy losses of the valve when a 
specific airflow value must be hold.  
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1. Introduction 
Magnetic shape memory (MSM) alloys are new smart materials which deform up to 6-
12 % when subject to a magnetic field or a mechanical stress /1/. They can be used in 
innovative electromagnetic actuators where the magnetic shape memory alloy is 
magnetically activated to produce motion and force in a controlled way /2/. So far, MSM 
alloys have not been tested for the production of proportional valves within pneumatic 
systems, despite their potential /3/, /4/. 
In this paper we introduce a prototype valve for airflow control based on MSM alloys. 
The electrically controllable deformation of the alloy is used to control the aperture of 
the valve and the airflow. The paper is organized as follows. Section 2 discusses the 
MSM technology and gives the basics for section 3 where the valve concept and 
design are briefly described. Section 4 characterizes the valve prototype emphasizing 
the energy-efficiency feature, which is based on the multistability of MSM alloys. 
Section 5 investigates experimentally an airflow control loop based on standard 
controllers. A modified controller is tested, which takes advantage of the multistability of 
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the alloy to strongly reduce the energy necessary for the control task. Section 6 closes 
the paper with discussion and remarks about future work. 
2. Magnetic shape memory alloys 
MSM alloys show an outstanding strain of 6-12% when excited by an external magnetic 
field that is perpendicular to the strain direction. They are produced at high 
temperature, where the material is said to be in the austenite phase. At low 
temperature the material is in the martensite phase. In this phase, three configurations 
can appear, called twin variants. Each variant has the short axis aligned along one 
spatial direction (ݔǡ ݕǡ ݖ in 3D). The short axis corresponds to the axis in which the full 
magnetization requires less energy (thus defined easy axis in related literature). The 
simultaneous presence of different variants in the alloy is what makes the magnetically 
induced strain possible. When the temperature of the material rises, the material 
returns to its austenite phase and the variants disappear. It is worth mentioning that 
MSM alloys can be driven also by temperature as common shape memory alloys, 
although this effect is not investigated in this paper. 
In the martensite phase, only two variants are generally considered when the focus is 
on a bi-dimensional actuation, denoted by V1 and V2: the crystal elongates in the x-
axis and the magnetic field works in the y-axis. Figure 1 illustrates the working 
principle of MSM alloys. Figure 1a shows a totally compressed MSM alloy subject to 
the external stress ߪ and to a zero magnetic field ܪ ൌ Ͳ, having initial length ݈଴. In this 
state the alloy is composed by one variant, in this case V2. If a field ܪ ൐ Ͳ is applied, 
the variant V1 starts growing at the expense of V2. The alloy goes to an intermediate 
deformation state where both variants coexist; refer to Figure 1b. The borders between 
the regions of the variants are called twin boundaries. If the field is further increased up 
to the saturation value, the alloy goes to the completely elongated state shown by 
Figure 1c. In this state the alloy is composed by one variant, V1. The final length takes 
into consideration the deformation due to the reorientation of the regions from V2 to V1 
and is ݈଴ ൅ ߝ଴݈଴. The maximum crystallographic strain ߝ଴ is a material property that 
expresses the theoretically achievable strain and for commercial alloys is about 6%. 
In other words, the application of compressive stress or magnetic field favors the 
growth of the variant having its easy axis aligned with the input quantity, thus producing 
stroke. This generates some difficulties for the reversible actuation of the alloys; in 
particular, it can be noted that a magnetic field along the y-direction is able to elongate 
the alloy along the x-direction, but it will not contract it. In order to achieve magnetically 
induced contraction along x, the field direction must be rotated by 90 degrees. 
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 Figure 1: Working principle of magnetic shape memory alloys, (a) MSM alloy is 
contracted, (b) MSM alloy is partially elongated, (c) the alloy is at full 
elongation; (d) typical strain-field curves at different stress levels 
A family of typical input-output curves of a magnetic shape memory alloy under 
different pre-stresses is shown by Figure 1d. The black curve at ߪ ൌ ͲǤͳ describes 
the behavior of the alloy when the external stress is not enough to compress it. It can 
be noted that the deformation remains at 6 % even if the field is reduced to zero. As the 
external stress is increased, the contraction becomes possible while the magnetic field 
necessary for the maximal elongation increases. The experiments emphasize that both 
stress and field have to overcome some threshold in order to start contraction or 
elongation. This threshold is due to the inner friction of the alloy, called twinning stress, 
which tends to stabilize the current deformation of the MSM element. The deformation 
is self-supporting as long as the external load or the magnetically induced stress does 
not exceed the twinning stress of the material. We call this property multistability of 
MSM alloys. 
3. Multistable valve based on MSM alloys 
In this section we introduce the MSM-based valve for the control of the airflow between 
an inlet and an outlet. The basic idea is to exploit the elongation of the MSM element to 
open the valve and the multistability to keep it open with low electrical input power. The 
airflow is proportional to the deformation of the element. 
The valve concept is shown by Figure 2. Figure 2a shows the valve in the closed state, 
where the MSM alloy is contracted. The pressure ݌௅ at the inlet works against the 
movement of the push-rod, and the air is confined in the central chamber of the valve. 
The airflow between inlet and outlet is thus zero. The valve opens when a magnetic 
field is generated by the current in the coils, situation shown by Figure 2b. The MSM 
alloy elongates and moves the push-rod towards positive x. Airflow between inlet and 
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outlet is produced. The amount of airflow depends on the valve opening, which in turn 
depends on the elongation of the alloy. 
 
Figure 2: Schema of the MSM airflow valve, (a) closed valve, (b) open valve 
The realization of the valve concept described above needs the design of three parts 
shown in Figure 3: the valve core (Figure 3a) with the air chamber, the opening 
system, the insulation, the inlet, the outlet and the push-rod; the MSM electromagnet 
(Figure 3b), which provides the magnetic field to the MSM alloy located in the middle of 
the magnetic core, composed of flux-guide, coils and air gaps; the restoring 
mechanism (Figure 3c) which contracts the MSM element after elongation. Although 
other choices are possible, in our prototype valve the restoring unit is chosen to be 
another electromagnetic actuator to allow electrical control of the contraction. The parts 
in Figure 3a-c are combined as follows with respect to Figure 2: the bottom extremity of 
the push-rod of the valve core is in contact with the MSM element and guided through 
the restoring actuator. Note that Figure 2 does not show the restoring mechanism. 
The valve core is designed to minimize the forces acting on the MSM alloy when the 
valve is open, to ensure that the twinning stress is not exceeded. More specifically (see 
Figure 2), the top surface A0 of the push-rod is equal to the bottom surface A2; 
furthermore, the sum of A0 and A2 equals the aperture surface A1 of the push rod. 
When the valve is closed (Figure 2a), the inlet pressure ݌௅ acts on the surface A2 to 
keep it closed. When the valve is open, the inlet pressure acts at the same time on the 
surfaces A2 and A0 to close the valve, but on the surface A1 to open it. Since the sum 
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of A2 and A0 equals A1, the overall force on the push-rod and on MSM alloy due to the 
inlet pressure is approximately zero. 
 
Figure 3: 3D drawings of the units composing the MSM-based airflow valve, (a) valve 
core, (b) electromagnet for MSM alloy excitation, (c) electromagnetic actuator 
for contracting the MSM element 
The design of the MSM electromagnet in Figure 3b is accomplished by means of the 
characteristic curve of the MSM alloy shown in Figure 1d (details can be found in /5/). 
The coils and the flux guide are dimensioned to achieve a flux density of about 0.8 T 
through the MSM alloy by a current of 3 A. The resulting coils have a resistance of 
3.3ȍ. The force produced by the alloy is conservatively designed to overcome the 
twinning stress, the initial force due to the inlet pressure ݌௅ൌʹ acting on A2, and 
possible friction forces acting against the movement of the push-rod. The restoring 
electromagnet is designed to produce enough force to contract the MSM element and 
to overcome possible friction forces. 
Figure 4a shows the characteristic curves of the restoring actuator at different values 
of the input current IR, together with the force-displacement curve of the MSM alloy split 
in one elongation curve and one restoring curve, which tracks the alloy back to the 
contracted state /5/. If one neglects the friction forces and the forces coming from the 
valve core, which are minimized by the choice of A0, A1 and A2, the common points 
between the restoring actuator and the MSM alloy curves in Figure 4a give the possible 
equilibrium points of the valve mechanism. The restoring curve dictates the minimum 
amount of external force which is necessary to restore the element. The restoring 
actuator provides such a force when supplied by a current input between 1 and 1.5 A 
for displacements bigger than 0.7 mm. The overall valve can operate with input 
voltages between 0 and 24 V for the full displacement. Figure 4b shows a photo of the 
valve. 
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 Figure 4: (a) Force-displacement curves of the MSM alloy and the restoring actuator, 
(b) photo of the prototype MSM valve 
  
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4. Characterization 
To characterize the MSM valve prototype, we supply a voltage input made of 
increasing steps from 0 to 10 V, followed by negative decreasing steps from 0 to -24 V, 
and measure the displacement of the MSM alloy and the airflow by means of a 
triangulation laser sensor and a flow sensor, respectively. The experiment is reported 
in Figure 5. The voltage signal in Figure 5 is a logical signal: by definition, the positive 
values are supplied to the MSM actuator while negative values are inverted and 
supplied to the restoring actuator. All signals in Figure 5 are normalized with respect to 
the factors 10 V for voltage, 305 ȝm for displacement, and 111 Nl/min for the airflow. At 
the end a pulse of -24 V (i.e., +24 V supplied to the restoring actuator) closes the valve 
completely. 
 
Figure 5: Test of the MSM valve with inlet pressure equal to 2 bar 
The experiment emphasizes three important points. First of all, it can be seen that an 
input voltage smaller than 7 V does not produce any displacement and flow, see mark 
(1) in Figure 5. This is due to the hysteresis of MSM, i.e. to the twinning stress, 
together with the initial force of the inlet pressure, which hinder the valve opening. 
Furthermore, closing the valve requires between 12 and 15 V to the restoring actuator 
when the displacement of the MSM alloy is about 0.3 mm. Finally, the voltage steps 
produce displacement and flow steps which do not return to zero as the voltage goes to 
zero (multistability). On the other hand, the displacement and flow deviate from the 
initial value as the voltage is reduced. This is due to a magneto-elasticity of the MSM 
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alloy, which is deformation elastically coupled with magnetic field, as well as to possible 
underestimation of the forces acting on the MSM alloy when the valve is open.  
Figure 6 shows another experiment where the input is a decreasing sinus with initial 
amplitude of 14.8 V. The multistability of the MSM alloy can be seen: the airflow 
remains almost constant during the complete experiment, independent of the voltage. 
This experiment emphasizes that the multistability is also dependent on the 
displacement range where the MSM alloy works during operation of the valve. 
 
Figure 6: Decreasing sinus input at 2 bar 
Both experiments show the highly nonlinear behavior of the MSM valve, including the 
hysteresis, the asymmetry between opening and closing due to two different actuators, 
and the multistability. The airflow responds to a positive +15 V step of the voltage input 
with a time-constant of about 0.06 s and a settling time of about 0.3 s. 
5. Airflow control with energy-efficiency 
The input voltage to the MSM valve allows the electrical control of the airflow through 
the control of the elongation of the MSM alloy. However, the valve exhibits a number of 
nonlinear behaviors which ask for advanced nonlinear techniques. Moreover, the 
exploitation of the multistability of the MSM alloy, which potentially allows the input 
voltage to be reduced with little influence on the airflow, is a desired feature to be 
considered in the control strategy. 
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Here we test the performance of a standard PI controller because of the importance of 
such controllers’ family in the industrial world. It is worth mentioning that an analytical 
way to design linear PID controllers for systems with hysteresis, and in particular for 
MSM actuators, is proposed in /6/. Nevertheless, reference /6/ focuses on actuators 
where the output variable is the displacement of the alloy. In our case, the mechanical 
system, having the displacement as output, is coupled with a pneumatic system, 
having the displacement/opening of the valve as input and the airflow as output; the 
results in reference /6/ cannot be applied directly. The standard controllers used in this 
work are tuned by trial and error procedures taking as reference the well-known 
Ziegler-Nichols tuning rules. 
We show in the following the results obtained with one PI controller, denoted by C1, 
having proportional gain 0.05 ήȀ and integral gain 0.5 ήȀሺήሻ. The gains 
are tuned as the best trade-off between speed and stability. Figure 7 shows a tracking 
experiment with step-wise reference airflow. It can be noted that different airflow 
ranges imply a different dynamic behavior of the valve, as it is expected due to the 
nonlinearities of the system. A tolerance band of േͷ Nl/min about the reference value 
is reached always within 2-3 seconds. The behavior of the restoring actuator is critical 
for the dynamic performance: at time t = 140 s, Figure 7 shows a peak in the airflow 
due to the abrupt action of the restoring actuator. A further increase of the integral gain 
of the controller leads to critical oscillations of the airflow. 
 
Figure 7: Tracking experiment with PI controller C1 
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Reference /7/ proposes an innovative approach which modifies the integral term of the 
PI controller in order to allow the exploitation of the multistability of a MSM alloy and 
reduce the input variable, in this case the voltage. The main idea is to define the 
integral term such that the integral state tends towards zero when the tracking error is 
within a defined tolerance. This approach is tested on the MSM valve, setting the error 
tolerance at േͷ Nl/min. The modified PI controller is denoted by C1e and has the same 
proportional and integral gains of the standard version C1. Figure 8(left) shows the 
tracking experiment with C1e. In the bottom picture the tracking errors of C1 and C1e 
are compared. It can be noted that the dynamic behavior is very similar. Figure 8(right) 
zooms the error comparison between 100 s and 130 s. The steady-state error of C1e is 
bigger than the error of C1 due to the choice of the tolerance band. 
The comparison of the voltages in Figure 9 verifies which controller uses at most the 
multistability of the MSM alloy for the airflow control. It can be noted that the energy 
efficient version C1e tries to reduce the voltage whenever possible. The integral of the 
squared voltage (ISV) over the duration of the experiment can quantify the amount of 
energy consumption of a specific controller. The ISV of C1 is 4556 ʹή while the ISV of 
C1e is 2088 ʹή. In other words, the energy efficient controller reduces the energy 
consumption by 54 %, with little influence on the tracking error. 
  
Figure 8: Tracking experiment with energy efficient controller C1e, (left) complete 
experiment, (right) zoom between 100 s and 130 s 
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 Figure 9: Control actions of C1 and C1e for the same reference tracking experiment, in 
Figure 7 and Figure 8, respectively 
6. Conclusion 
Magnetic shape memory alloys exhibit a magnetically induced deformation which can 
be controlled electrically. As possible application, this paper describes a valve for 
airflow control where the deformation of the MSM alloy increases or decreases the 
opening of the valve and consequently the airflow through the inlet and the outlet. The 
elongation is obtained by a magnetic field perpendicular to the motion, whereas the 
contraction is obtained by means of an electromagnetic actuator which exerts a 
restoring force on the MSM alloy. 
The valve is designed to exploit the multistability of the alloy, i.e. the possibility of 
keeping a defined airflow with very low electrical power input. This is accomplished by 
a careful dimensioning of the parts of the valve core. The characterization shows the 
multistability of the device as well as the highly nonlinear behaviour, in contrast to 
standard electromagnetic valves.  
The nonlinear behaviour is partially compensated by a standard linear controller within 
an airflow control loop. The tracking error at steady state for stepwise airflow profiles is 
within േͳ Nl/min, while the settling time is about 2 s. An increase of the speed of the 
system would likely require nonlinear control techniques. However, a standard 
controller does not directly exploit the multistability of the alloy. Thus, a modified 
controller concept is tested, which reduces the input voltage when the airflow is close 
to the reference value. The reduction requires to set a tolerance on the error. The 
modified controller is able to reduce the power losses by about 50 % with respect to the 
standard controller without detriment of the dynamic performance. 
The MSM multistable valve presented in this paper proved to be an effective device for 
the energy-efficient control of airflow in pneumatic systems. Some further issues should 
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be addressed in future developments. First of all, the behaviour of the airflow with 
respect to the displacement of the MSM alloy should be improved. In particular, it is 
shown that the airflow reaches its saturation value (about 112 Nl/min) when the MSM 
alloy is at 50 % of the possible strain. Furthermore, the restoring actuator showed to be 
critical in limiting the dynamic performance because of its abrupt contraction of the 
alloy for voltages between 12 V and 15 V. Finally, the forces acting on the valve should 
be better characterized, possibly by fluidodynamic analysis, to set better requirements 
on the inner friction of the alloy and improve the multistability of the valve. 
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